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Abstract— This study aimed at presenting the intra-tester reliability of the static load bearing exercises (LBEs) 
performed by individuals with transfemoral amputation (TFA) fitted with an osseointegrated implant to stimulate the 
bone remodelling process. There is a need for a better understanding of the implementation of these exercises 
particularly the reliability. The intra-tester reliability is discussed with a particular emphasis on inter-load prescribed, 
inter-axis and inter-component reliabilities as well as the effect of body weight normalisation. Eleven unilateral TFAs 
fitted with an OPRA implant performed five trials in four loading conditions. The forces and moments on the three axes 
of the implant were measured directly with an instrumented pylon including a six-channel transducer. Reliability of 
loading variables was assessed using intraclass correlation coefficients (ICCs) and percentage standard error of 
measurement values (%SEMs). The ICCs of all variables were above 0.9 and the %SEM values ranged between 0 and 
87%. This study showed a high between-participants’ variance highlighting the lack of loading consistency typical of 
symptomatic population as well as a high reliability between the loading sessions indicating a plausible correct repetition 
of the LBE by the participants. However, these outcomes must be understood within the framework of the proposed 
experimental protocol. 
 
Index Terms— Lower limb amputation, Rehabilitation, Osseointegration, Bone-anchorage prosthesis, Load bearing, 
Reliability 
 
I. INTRODUCTION 
A. Bone-anchorage prosthesis for individuals with 
transfemoral amputation  
The conventional socket-type prostheses for individuals 
with transfemoral amputation (TFA) present a number of 
limitations mainly due to the interface between the skin of the 
residuum and the socket that might lead to significant 
reduction in quality of life [1].  Alternatively, some of these 
limitations could be alleviated by innovative surgical methods 
of attachment of the prosthesis that involves direct skeletal 
anchorage [2-4]. In this case, the socket is replaced by a 
fixation including metallic parts implanted in the residuum. To 
date, only a few implants are available for humans. The OPRA 
(Integrum AB, Sweden) [5] and EFFT (Eska, Germany) newly 
sold as ILP (Orthodynamics GmbH, Germany) [6-7] are the 
two most used systems. Several teams are developing other 
fixation systems that are currently being trialed on humans [8-
9], animals [10-14] or at modeling stage [14-16], particularly 
in Europe and the US (e.g., Feasibility study recently 
approved by US Food and Drug Administration). 
B. Promoting bone remodeling through load bearing 
exercises 
Each treatment presents specific pre-operative, surgical and 
post-operative procedures as well as outcomes and 
complications. However, most treatments are typically 
promoting bone remodeling through some form of load 
bearing exercises [5-6]. These exercises are based on the 
principle that a timely application of a suitable amount of 
stress stimulates bone formation and prepares gradually the 
bone-implant unit to tolerate mechanical loading likely to 
occur while using the prosthesis during daily living. Early 
overloading might place the bone-implant interface at risk 
while underloading might delay the unrestricted use of the 
prosthesis.  
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C. Description of typical load bearing exercises  
To the author’s best knowledge, Hagberg et al (2009) have 
presented the only comprehensive description of static and 
dynamic LBEs with a short training prosthesis that are 
incorporated into the whole rehabilitation program of TFA 
fitted with the OPRA implant [5]. The progression of the load 
prescribed during LBEs depends on the residual skeleton’s 
quality and body weight of the participants. Importantly, the 
pain level monitored with a visual analogue scale could 
possibly slow down the progression. For the static LBEs, 
participants initially apply a load twice a day for 30 minutes 
through a short training prosthesis. A mechanical bathroom 
scale is used to monitor the load prescribed in participant’s 
own preferred environment. 
D. Monitoring of the load applied  
The bathroom scale is a practical, affordable, low-tech and 
easy-to-use device that can accommodate a wide range of 
circumstances. However, this method presents a number of 
shortcomings due to the lack of precision, control, knowledge 
and recollection of the actual forces and moments. For 
instance, the mechanical scale provides immediate feedback to 
the patient only on the magnitude of the vertical component of 
the applied force [17]. Indeed, the forces and moments applied 
on the three axes of the implant are uncontrolled. This is an 
important shortcoming, particularly when the short training 
prosthesis is not perpendicular to the bathroom scale. 
Therefore, a more comprehensive way to monitor the loading 
around the three axes of the implant was required to possibly 
improve basic understanding of bone remodelling, 
mathematical models of bone-anchorage [15-16, 18-19] and 
ultimately clinical guidance during rehabilitation. 
E. Instrumented pylon for kinetic measurements  
In principle, assessment of the load applied on the implant 
during LBE is possible in a motion analysis laboratory [20]. 
Advanced inverse dynamic methods relying on complete 3D 
kinematic and dynamics data could be applied [21-23]. 
However, the instrumentation for combined recording of 
dynamic data on the short training prosthesis, the sound foot 
and other weight-bearing aids under both hands (e.g., crutches, 
sticks, bars) are challenging and difficult to compute to obtain 
the actual load applied on the implant.   
Alternatively, a few portable kinetic systems could be used 
to measure directly the load applied on the implant during 
LBEs [17, 24-32]. Frossard et al (2010) presented a proof-of-
concept of a portable system to record the load applied using a 
transducer embedded into a short pylon similar to a short 
training prosthesis. Load prescribed was monitored using a 
frame featuring a single-axis strain gauge orientated vertically 
that was connected to a LCD display [17].  
F. Need for better understanding of reliability  
To date, the clinical understanding of the ways static LBEs 
are actually conducted is limited. Several key questions 
remained unanswered. For example, what are the differences 
in loading between participants and between loading sessions, 
both indicating how consistently the prescribed rehabilitation 
program is followed? Unfortunately, the literature focusing on 
the reliability of LBEs that could provide some answers is 
sparse. A few studies looked at between-trial peak loading 
variability during activities of daily living [33-34]. The proof-
of-concept mentioned above presented the mean to monitor 
the load during static LBEs for only one participant. Clearly, a 
study involving a larger cohort that could enable a more 
comprehensive description of the load applied and, more 
particularly, the analysis of the loading reliability is needed.  
Reliability and terms like consistency, precision, test-retest 
reliability and repeatability are frequently used in the literature 
to describe relatively similar concepts. However, according to 
Weir et al (2005) some of these terms are operationalized 
differently. Here, the term reliability will be mainly used [35]. 
Nonetheless, both relative and absolute consistencies must be 
defined. Preliminary literature search revealed that intraclass 
correlation coefficient (ICC) is suitable to quantify relative 
consistency, while standard error of measurement (SEM) and 
percentage of SEM (%SEM) are relevant to quantify absolute 
consistency of LBE [35-37]. 
To provide the best ecological insight, the collection of 
more data should ideally imply measuring the actual load on 
the implant individually during each static LBE session of the 
rehabilitation program. However, this is difficult to implement 
for a sufficient number of participants giving the requirement 
for multiple measurement devices (e.g., geographical spread 
of participants, duration of rehabilitation protocol). 
Alternatively, the actual load can be recorded over a single 
recording session featuring shorter static LBEs of selected 
loads. This loading program corresponds to a condensed 
version of a rehabilitation program [17]. These practical 
arrangements enable more participants to be assessed, but only 
those fully rehabilitated. Therefore, loading information is 
only partially realistic. 
G. Purposes and objectives 
The purpose of this study is to extend on the proof-of-
concept presented previously by assessing a larger population 
and a wider range of loads. The objective is to present the 
intra-tester reliability while answering the following questions 
associated with: 
 Inter-load prescribed reliability: Does the increase of 
the load prescribed have an impact on the reliability?  
 Inter-axis reliability: Does the reliability of the forces 
and moments vary depending on the axes especially 
given that the load prescribed is only monitored 
through the load applied on the vertical axis? 
 Inter-component reliability: Is there a difference in 
reliability between force and moment variables? 
 Effect of normalization: What is the effect of body 
weight (BW) normalization on reliability? 
II. METHODS 
A. Participants 
A group of 11 individuals with unilateral TFA (46.8±10.5 
yrs, 1.75±0.10 m, 81.54±16.28 kg), including three  females 
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and eight  males fitted with an OPRA implant (Integrum, AB, 
Sweden) participated in this study (Table 1). The average time 
since insertion of the implant was 4.2±2.2 years, ranging from 
1.2 to 7.8 years. All the participants were fully rehabilitated 
with an overall good to high functional level since being 
active with the implant. The research institution’s human 
ethics committee approved this study. The participants 
provided informed written consent. 
 
 
 
 
 
B. Apparatus 
Most of the methodological aspects have been detailed in 
previous publications [17]. Thus, only the key features will be 
presented here (Figure 1).  
The load prescribed was monitored using a loading frame 
(70 cm x 40 cm) featuring two handles used to maintain 
balance and a plate with adjustable height. One single-axis 
strain gauge was embedded into this plate and connected to a 
LCD display that provided the force applied on the vertical 
axis in real time, like a bathroom scale normally used in actual 
static LBE.  
The load applied on the anatomical axes of the implant was 
directly measured with an instrumented pylon including a six-
channel transducer (Model 45E15A; JR3 Inc, Woodland, CA) 
[22, 26-30, 34, 38-41]. The signal was recorded with an error 
less than ±1N and ±1Nm by a laptop through a serial cable at 
200 Hz using a customized Lab View program (National 
Instruments, Austin, TX) [29]. This sampling frequency was 
sufficiently high to record the whole signal without reaching 
the instability threshold of the recording.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C. Procedure 
The recording session started with the validation of the 
measurement of the load prescribed with the frame using a 
known mass of 40 kg placed on the plate. The feedback from 
the LCD was consistently within 3% of the known value. 
Then, the transducer was attached to the pylon. Two short 
acquisitions of the load were conducted for pre- and post-
recording calibration when the instrumented pylon alone was 
left resting upright on the floor without any load applied.  
The participants had the opportunity to practice loading and 
unloading the plate while following the LCD display until they 
felt safe and confident. They were only instructed to monitor 
the load prescribed focusing on the LCD display and to take 
sufficient rest between trials to avoid fatigue. Typically, the 
actual measurements started with participants standing upright 
in front of the frame and loading the plate for approximately 
30 seconds. Furthermore, participants could adjust their 
loading position (e.g., sound foot, trunk, head orientation, use 
of handles) between trials as they see fit. Nonetheless, the 
loading was typically achieved with the participant standing 
on the sound lower limb and both hands on the handles of the 
frame. The loading program included five trials in four 
incremental loading conditions, corresponding to 10 kg (98.10 
N), 20 kg (196.20 N), 40 kg (392.40 N) and a maximum load. 
This maximum load was initially self-selected by the 
participant and adjusted by the experimenter, if needed, 
accordingly to body mass, safety limits, comfort and possible 
pain. Only four loads were chosen to avoid extending the 
duration of the recording session and subsequent fatigue bias. 
D. Data reduction 
The raw forces and moments were imported and processed 
in a customized Matlab software program (Math Works Inc, 
Natick, MA, US) for data processing.  
Table 1: Overview of the demographics and amputations characteristics for 
each participant (%SND: percentage of sound thigh). 
Fig 1.: Overview of the apparatus used to monitor the load prescribed 
including the single-axis strain gauge (A) that was embedded in a support 
frame (B) and connected to a LCD display (C), as well as the recording of the 
load applied on the osseointegrated implant of participant TFA08 including 
the position and orientation of coordinate system of origin O and medio-
lateral (ML), antero-posterior (AP) and long (LG) axes of transducer (D) 
attached to the abutment of the implant (E) built-in the pylon and connected to 
a laptop (F) via a serial cable. The reflective markers were used to collect 
kinematic data to be presented elsewhere. 
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The three components of the force and moment were 
adjusted using the pre- and post-recording calibrations data to 
remove any offset. Another transducer specific calibration 
matrix provided by the manufacturer was applied to eliminate 
sensor axial cross-talk. The data of the four participants with 
left-sided amputation were translated into right-sided, so that 
all loads were presented in the same coordinate system. The 
forces applied on the antero-posterior (FAP), medio-lateral 
(FML) and long (FLG) axes of the implant were positive 
anteriorly, laterally and in compression, respectively. Positive 
moments around the antero-posterior (MAP), medio-lateral 
(MML) and long (MLG) axes corresponded to lateral, anterior 
and external rotations, respectively. Afterwards, the norm of 
the vectors for the force (FR) and the moment (MR) was 
calculated. The selection of relevant segment of data 
corresponded to the longest possible period when FLG 
followed steadily the load prescribed. The noise in the selected 
data segment for each load variable was reduced using the 
simple Hanning’s filter.   
The data of the five separate trials in each load were 
collated into a single dataset to provide the collated data for 
every participant. The absolute mean and standard deviation 
were also considered to discard the effect of the direction of 
the application of the load corresponding to different body 
positions (e.g., trunk ahead or behind the pylon). Finally, all 
datasets were expressed in percentage of the body weight 
(%BW) without prosthesis. 
E. Data analysis and statistics 
The intra-tester reliability was calculated using the 
intraclass correlation coefficient and the percentage standard 
error of measurement [37]. Statistical analyses were 
performed with IBM SPSS statistics v21 (IBM, US). The 
average measures ICC were calculated (a two-way random 
model, type absolute agreement) [42] as well as the SEM and 
the %SEM. Slightly different ranges are used to describe ICC 
as good, moderate or fair. Values above 0.9 are usually 
considered as highly reliable [43-44]. As for the %SEM, the 
smaller the %SEM the greater the reliability is. Therefore, a 
percentage of SEM equal to 0 reflects no changes between 
datasets. Consequently, the combination of a high ICC and a 
low %SEM indicates the highest reliability. 
III. RESULTS 
A. Forces and moments  
An overview of the mean raw forces and moments applied 
on and around the three axes of the implant during the four 
loading conditions (i.e., 10 kg, 20 kg, 40 kg, Max) for the 
group and each participant is provided in Figure 2.  
Furthermore, the absolute mean and standard deviation of the 
five trials and 11 patients of forces and moments expressed in 
units (i.e., N, Nm) and percentage of body weight without 
prosthesis (%BW) for a load prescribed of 10 kg, 20 kg, 40 kg 
and maximum ranging from 50 kg (450 N) to 100 kg (981 N) 
are presented in Table 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
B. ICC, SEM and %SEM 
The ICC, SEM and %SEM for the raw and normalised 
forces and moments along the three axes in each loading 
condition are presented in Table 3. 
ICC values ranged between 0.947 and 1, for all variables. 
There were no obvious differences in ICC values between 
loading conditions, variables on the three axes, force and 
moment variables as well as variables normalized by body 
weight or not. 
Percentage SEM values ranged between 0 and 87% for all 
variables. The effects of increasing loading conditions were 
characterized by a minor decrease of percentage SEM values 
for MAP and FLG, a minor increase for FML and FAP as well as a 
noticeable increase for MLG and MML for both raw and 
normalized data. 
Differences in percentage SEM values for the forces 
between the three axes for both raw and normalized variables 
in each of the loading conditions were generally small. 
However, the moment MLG showed a markedly higher 
percentage SEM than MML and MAP in the lower loading 
conditions. Also, MLG and MML showed higher percentage 
SEM than MAP in the larger loading conditions. 
Differences between forces and moments were 
characterized by raw and normalized force in each loading 
condition showing lower percentage SEM values than the 
respective moment variables, except for MML after body 
weight normalization in the 40 kg loading condition, where 
normalized MML was lower than FML.  
Effect of normalization on reliability was quasi nil as raw 
and normalized data showed comparable percentage SEM 
Table 2: Absolute mean (of the 5 trials and 11 patients) and standard 
deviation of forces and moments expressed in units (N and Nm) and 
percentage of body weight without prosthesis (%BW) for a load prescribed of 
10 kg (98.10 N), 20 kg (196.20 N), 40 kg (392.40 N) and maximum ranging 
from 50 kg (450 N) to 100 kg (981 N). 
Fig. 2: Overview of the mean raw forces and moments applied on and around 
the three axes of the implant during the four loading conditions (i.e., 10 kg, 20 
kg, 40 kg, Max) for the group and each participant. 
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values, except for FML variable in the 40 kg loading condition. 
 
 
 
 
 
 
 
 
IV. DISCUSSION 
A. Reliability 
The intra-tester reliability showed ICC values above 0.9 for 
all variables indicating a high reliability regardless of the 
datasets. In this study, looking at ICC alone would only have 
indicated an overall high reliability. However, by definition, 
ICC is a measure of relative consistency corresponding to the 
between-participant variance divided by the total variance. 
Therefore, the high ICC values indicated also a high between-
participant variance confirming the need to consider %SEM, 
as an absolute measure, for a better understanding of 
reliability. For instance, combining the ICC and the %SEM 
highlighted some small differences in reliability as detailed 
below.  
The %SEM was markedly higher for the moments than for 
the forces and increased with the higher loads, particularly for 
MML and MLG. This might be due to the fact that patients 
achieved maximum loading on the implant by an apparent 
shift of their body weight over the short training prosthesis. 
This involves a possible shrinkage of the base of support along 
with displacement of the centre of mass closer to its edge, 
which might lead to a slight reduction in stability. 
Surprisingly, the hypothesis of a higher reliability for FLG 
that could have been expected because of the instructions 
given to the participants and the monitoring of the load 
applied could not be demonstrated in this study.  
Notwithstanding, the %SEM showed a slightly lower 
reliability for the moment variables and especially for MLG 
and MML in the higher loads, the combination of ICC and 
%SEM still indicate a high reliability regardless of the dataset. 
The inter-load prescribed reliability was high indicating that 
the influence of increase of the load prescribed was minimal. 
The inter-axis reliability was also high showing that the 
reliability of the forces and moments vary very little 
depending on the axes. The high inter-component reliability 
demonstrated little difference in reliability between force and 
moment variables. Finally, the body weight had little impact. 
In conclusion, these results tend to indicate a high between-
participants variance as well as high between-loading sessions 
reliability. Also, the results showed a consistent repetition of 
the LBE by the participants within the framework of the 
proposed experimental protocol. 
Contrasting these results with other studies is difficult given 
the lack of studies focusing on direct measurement of loading 
of TFA during LBEs. However, the results are in line with 
preliminary studies [45], proof-of concept [17] and other 
studies looking at intra and inter-participant variability during 
activities of daily living [33]. 
B. Potential clinical implications 
All together, these outcomes confirmed the benefits of 
using an instrumented pylon to observe and, eventually, 
monitor the loads applied on the three axes of the implant 
during static LBEs. However, the clinical implications of these 
results should be considered cautiously, given the intrinsic 
limitations of this exploratory study. 
The number of participants is limited but conformed with 
typical studies in prosthetics research. Furthermore, one can 
argue that this number was markedly high giving the small 
population of TFA fitted with OPRA implant worldwide. 
Presenting kinematic (e.g., position of centre of mass in 
relation to the load cell, head orientation in relation to LCD 
display, hip and trunk position and orientation, sound foot 
position) and dynamic (e.g., ground reaction forces and 
moments on sound foot, reaction forces and moments of the 
frame on both hands) data was outside the scope of this study. 
Therefore, the possible contributions of these confounders to 
the inter-participant loading variability remain unknown. 
More importantly, the clinical implications were limited due 
to the noticeable differences between the loads recorded in this 
study and the ones applied during the actual rehabilitation 
program in terms of recording conditions (i.e., fully 
rehabilitated participants without loading pain, multiple vs 
single loading session, short recording vs. 30 minutes 
application), loading apparatus (i.e., monitoring load 
prescribed using LCD display connected to strain gauge frame 
vs. scale on a stool) and loading progression (i.e., starting load 
prescribed, set loading progression vs. individualized loading 
program).  
C. Future studies 
Additional clinical understanding could be gained through a 
number of subsequent longitudinal studies. There is a need for 
studies recording the load applied during multiple LBEs 
sessions that could involve larger cohort of individuals with 
TFA fitted with OPRA or other commercial implants 
following specific programs. Subsequent analyses of the 
loading data could generate secondary biomechanical 
variables and, eventually, clinical indicators, focusing on 
loading compliance (e.g., agreement between the load 
prescribed and the load applied) variability (e.g., variations of 
loading within a trial), stability (e.g., progression of the 
loading during a trial), quantity (e.g., the “amount” for forces 
Table 3: Intraclass correlation coefficient (ICC), standard error of 
measurement (SEM) and percentage of SEM (%SEM) for the raw and 
normalised forces and moments along the three axes in each loading 
condition. All ICC values were significantly different from 0 (all p < 0.001). 
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applied taking into consideration the magnitude and the 
duration of application) and requirement (e.g., agreement 
between the load applied at the end of the static LBE and the 
load applied during activities of daily living). 
 
V. CONCLUSION 
In conclusion, the work presented here is a stepping-stone 
in the development of evidence-based LBEs program relying 
on the coherence between basic understanding of 
osseointegration, the underlying guideline and the apparatus 
used to monitor the load. 
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